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Summary

Extracorporeal photopheresis (ECP) has been considered an efficient den-
dritic cell (DC) therapy, used for treating both T cell malignancy, as well as T
cell-mediated diseases. During the ECP procedure leucocytes are exposed to
photoactivable agent 8-methoxypsolaren (8-MOP) and ultraviolet (UV) A
radiation (PUVA) prior to reinfusion. Despite its clinical efficacy the mecha-
nism of action remains elusive. As it has been reported that ECP might
promote the differentiation of monocytes into immature DCs, we investigated
the effects of UVA light (2 J/cm2) and 8-MOP (100 ng/ml) on in vitro
monocyte-to-DC differentiation from normal donors. DCs were generated
from human purified CD14+ cells. Because monocytes are killed by PUVA and
taking into account that only 5–10% of circulating mononuclear cells are
exposed to PUVA during the ECP procedure, we developed an assay in which
10% of PUVA-treated monocytes were co-cultured with untreated monocytes.
We first demonstrate that the presence of 10% apoptotic cells and monocyte
activation were not enough to induce monocyte differentiation into DCs.
Adding cytokines to our culture system, we obtained immature DCs charac-
terized by significantly higher phagocytic activity and human leucocyte
antigen D-related (HLA-DR) expression. These DCs preserved the capacity to
be activated by lipopolysaccharide, but showed a reduced capacity to induce
allogeneic T cell proliferation when first co-cultured with 10% of PUVA-
treated cells. Our experimental design provides a novel insight into the real
action of 8-MOP and UVA light on dendritic cell biology, suggesting an addi-
tional mechanism by which 8-MOP and UVA light exposure may influence
immune responses.
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Introduction

Dendritic cells (DCs) represent a rare and heterogeneous
population of professional antigen-presenting cells (APCs)
able to initiate and regulate immune responses [1]. Immu-
nogenic DCs play a key role in host defences inducing T cell
activation and polarization, whereas in normal physiology
they also have a central role in the induction of peripheral
tolerance [2–4]. Therefore, as DCs represent an ideal thera-
peutic target for pharmacological manipulation, identifica-
tion of the checkpoints of DC biology (differentiation,
antigen uptake, migration, maturation and survival) is
crucial in order to select the potential pharmacological
targets [4]. In their immature state, DCs are localized in the
peripheral tissues, express low levels of co-stimulatory

molecules and major histocompatibility complex (MHC)
molecules and have high endocytic activity. Following their
encounter with antigens and/or ‘danger’ signals, such as
proinflammatory cytokines, DCs initiate their maturation
process and migrate to regional lymph nodes where they
activate and mobilize effector cells. This process leads to
increased expression of co-stimulatory molecules and MHC
molecules, as well as the production of immunomodulatory
cytokines [5–8]. Even in an immature state, small numbers
of DCs migrate continuously to the lymph node and present
antigens. Immature or incompletely mature DCs, however,
are not well equipped for the induction of effector T cells,
and either interacting antigen-specific T lymphocytes are
anergized or regulatory T cells are induced [5–8]. Thus the
presence or absence of maturation signals for immature DCs
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may act as inductors to either an adaptive immune response
or tolerance [5,6].

Several clinical approaches are currently under way for
the development of DC immunotherapy for cancer vac-
cines or graft survival [4,9,10]. The extracorporeal photo-
pheresis (ECP), performed using UVAR apparatus
(Therakos Inc., Exton, PA, USA), is currently considered to
be a simple and efficient dendritic cell therapy [8,11–13].
During ECP, leukopheresed concentrated white blood cells
are exposed to photoactivable DNA-intercalating agent
8-methoxypsolaren (8-MOP) (administered directly into
the concentrated white blood cell bag) and ultraviolet A
(UVA) radiation (320–400 nm) and then returned to the
patient [14,15]. This method is used currently both for
treating T cell malignancy (e.g. cutaneous T cell lym-
phoma, CTCL) [13–18], and for reporting benefits in
T cell-mediated diseases [e.g. graft-versus-host-disease
(GVHD) and organ transplant rejection] [14,15,19–24].
Nevertheless, the phenotypic and functional mechanisms in
the 8-MOP photo-treated immunocompetent cells, includ-
ing DC, have not been elucidated fully. It remains puzzling
as to how a single treatment modality could both activate
the immune system in protection against cancer and sup-
press T cell activity in autoreactive disorders. The clinical
efficacy of ECP in the cutaneous T cell lymphoma setting
might be explained by two simultaneous and synergistic
UVA light-induced phenomena: apoptosis of exposed T
and B lymphocytes by 8-MOP activation, activation of pas-
saged monocytes and their differentiation into DCs
[11–13,15,17,18,21,22]. The mechanisms to explain the
beneficial effect of ECP in T cell-mediated diseases are less
well understood. Recently, evidence has been found to indi-
cate that ECP induces tolerance to alloantigens correlated
with the shift in peripheral blood T cell populations from T
helper 1 (Th1) to Th2 responses [19].

Therefore, in this study we investigated the in vitro
effects of UVA light and 8-MOP (using the same therapeu-
tic doses as in ECP) on monocyte-to-DC differentiation. In
a previous study we demonstrated that monocytes treated
in vitro with PUVA at the beginning of culture underwent
apoptosis within 48 h [25]. Therefore, as it is known that
only 5–10% of the patient’s mononuclear cell population is
affected in a single photopheresis treatment [15], we devel-
oped an assay in which 10% of PUVA-treated monocytes
were co-cultured with PUVA-untreated monocytes of the
same healthy donor. For this performance, purified CD14+

cells were divided into two aliquots: one was treated with
8-MOP and UVA light in the same conditions as above,
and the other was incubated at 37°C without any pre-
treatment. Then, PUVA-exposed CD14+ cells were co-
cultured with the remaining untreated cells at a ratio of
1 : 9. These cultures were induced to generate DCs. Using
this model we have been able to add new insight into
understanding of the mechanism of action of ECP on DC
functions.

Materials and methods

Generation of dendritic cells

Human peripheral blood mononuclear cells (PBMC) from
normal donors (Centro Trasfusionale, Ospedale Cisanello,
Pisa, Italy) were isolated from buffy coats over a Ficoll density
gradient centrifugation (Ficoll-Hypaque, Pharmacia Biotech,
Uppsala, Sweden). CD14+ cells were purified from PBMC by
high-gradient magnetic sorting using the MIDIMACS Tech-
nique (MACS Miltenyi Biotec, Bergish Gladbach, Germany),
according to the manufacturer’s instructions. Briefly, PBMC
were incubated with microbeads conjugated with mono-
clonal mouse anti-human CD14 antibodies for 15 min on ice,
washed in phosphate-buffered saline (PBS) containing 0·5%
bovine serum albumin and 2 mM ethylenediamine tetraace-
tic acid (EDTA). Labelled and positively enriched cells were
eluted from magnetic columns by the removal of columns
from the magnetic device. Purified CD14+ cells were resus-
pended at a concentration of 1 ¥ 106 cells/ml and cultured for
6 days in six-well multi-well tissue culture plates in RPMI-
1640 (Gibco Laboratories, Milan, Italy) supplemented with
10% fetal calf serum (FCS; Eurobio Biotechnology, France),
2 mM l-glutamine, 100 mg/ml streptomycin, 100 IU/ml
penicillin, in the presence of 50 ng/ml recombinant human
granulocyte–macrophage colony-stimulating factor (GM-
CSF; Novartis, Basel, Switzerland) and 20 ng/ml recombinant
human interleukin 4 (IL-4; PeproTech EC Ltd, London, UK).
Fresh cytokines were replaced every 3 days. Some cultures
received 10–100 ng/ml of bacterial lipopolysaccharide (LPS;
Sigma-Aldrich, Poole, UK), known to stimulate DC matura-
tion during the last 24 h. Cell morphology and cell-surface
markers were analysed on days 3, 6 and 7.

Light source

Cell suspensions were irradiated with a UVA light box
(Therakos, West Chester, PA, USA) containing a series of 12
linear fluorescent tubes. We evaluated the radiation emission
of the lamp and the transmission characteristics of the
plastic plates used in our tissue cell cultures in order to
obtain the appropriate doses of UVA. Tubes emitted UVA
light ranging from 320 to 400 nm, with a peak of emission at
365 nm. UVA emission power was measured by a photo-
diode, removing the visible light (> 400 nm) with a low-pass
filter. In this condition, the irradiated power was measured at
42 W/m2. The filter absorption in the UVA region was
approximately 10%, very close to the absorption of the
plastic plate top (8%). Therefore, the actual power delivered
to the culture was 42 W/m2, for an exposure of 8 min, pro-
viding a total applied energy of 2 J/cm2.

In vitro treatment of cells with 8-MOP/UVA

An 8-MOP stock solution was prepared in 80% ethanol and
stored in aliquots at -80°C. CD14+ cells (1 ¥ 106 cells/ml) in
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complete medium were incubated with 8-MOP (100 ng/ml;
Sigma) for 20 min at 37°C and then exposed at room tem-
perature to 2 J/cm2 dose of UVA light. These doses of 8-MOP
and UVA radiation were chosen on the basis of the ones used
in clinical settings (in each photopheresis cycle). In a previ-
ous study we demonstrated that monocytes treated in vitro
with PUVA at the beginning of culture underwent apoptosis
within 48 h [25]. Therefore, as it is known that only 5–10%
of the patient’s mononuclear cell population is affected in a
single photopheresis treatment [15], we developed an assay
in which 10% of PUVA-treated monocytes were co-cultured
with PUVA-untreated monocytes. For this performance,
purified CD14+ cells were divided into two aliquots: one was
treated with 8-MOP and UVA light in the same conditions
as above, and the other was incubated at 37°C without
any pretreatment. Then, PUVA-exposed CD14+ cells were
co-cultured with the remaining untreated cells at a ratio of
1 : 9. These cultures were induced to generate DCs in the
above-described assay. This is the culture system used in this
paper, and will be referred to as ‘PUVA-mixed culture’
throughout.

It has been reported that photopheresis might contribute
to monocyte-to-DCs differentiation and an adaption of ECP
termed transimmunization [11–13] enhances its efficacy for
more phagocytosis by the addition of an overnight incuba-
tion period.

Therefore, to investigate the potential role of the presence
of 10% PUVA-treated monocytes and plastic adherence on
DC differentiation, we performed experiments containing
cells cultured in the absence of GM-CSF and IL-4.

Morphological examination

To assess cultured cell morphology, cytospin slides were pre-
pared by cytocentrifuging (800 g, 10 min) 5 ¥ 104 cells/ml
(cytospin-2 centrifuge; Shandon, Astmoor, UK) onto glass
microscope slides. These were air-dried, fixed with metha-
nol, stained using May–Grünwald–Giemsa stain and then
examined by light microscopy (Leitz Laborlux S, ¥100).

Evaluation of apoptosis

Viability of mature DC (after LPS, 100 ng/ml) was moni-
tored in both PUVA-mixed cultures and PUVA-untreated
systems (24 h after treatment) by light microscopy and flow
cytometry. Apoptosis and secondary necrosis were deter-
mined using annexin-V–propidium iodide (PI) (Bender
MedSystem GmbH, Vienna, Austria), according to the
manufacturer’s recommendations. Cells were harvested,
washed, labelled with fluorescein isothiocyanate (FITC)–
annexin V, the mixture was incubated for 10 min in the dark
at room temperature, and subsequently 1 mg/ml propidium
iodide (PI) was added. AnnexinV–PI staining was analysed
on a fluorescence activated cell sorter (FACScan; Becton
Dickinson, San Jose, CA, USA) using CellQuest software.

Data are expressed as percentage of annexin-V+ cells in the PI
population.

Flow cytometric analysis

Antibodies used for cell surface staining included CD14,
CD1a, human leucocyte antigen D-related (HLA-DR)
(Caltag Laboratories, Burlingame, CA, USA – Valter
Occhiena, Torino, Italy), CD40, CD80, CD83 (Immunotech,
Marseille, France). All monoclonal antibodies were conju-
gated to FITC or phycoerythrin (PE). Data acquisition and
analysis were performed on both Epics-XL (Beckman
Coulter, Inc., Miami, FL, USA) with Expo32 software and
FACScan (Becton Dickinson, San Jose, CA, USA) with
CellQuest software. DCs were gated according to their light-
scattering properties, and dead cells were excluded from the
analysis. Five thousand events were acquired for each experi-
ment. Results were expressed as a percentage of positive cells
or as the mean fluorescence intensity (MFI) of positive cells.
Modulation was calculated as (MFI of untreated group - MFI
of PUVA-treated group)/MFI of the untreated group.

Uptake of FITC–dextran

Mannose receptor mediated endocytosis was measured as
cellular uptake of FITC–dextran. Approximately 1 ¥ 106 of
immature, 6-day-cultured DCs for the sample were incu-
bated in media containing FITC–dextran (2 mg/ml; Sigma)
for 60 min at 37°C or on ice (the latter for the assessment of
background staining due to unspecific external binding).
After incubation, cells were washed twice with PBS to
remove excess dextran and fixed in cold 1% formalin. The
cells were then analysed by flow cytometry. At least 5000
gated events were evaluated for each condition. The level of
antigen uptake by DCs was expressed as the difference in
MFI (DMFI) between the test (37°C) and control (0°C) tubes
for each sample.

Mixed leucocyte culture reaction (MLR)

The primary T cell stimulatory capacity of DCs was tested in
MLR. Allogenic purified T cells were used as responder cells
in 96-well round-bottomed cell culture plates in a culture
volume of 200 ml. All experiments were performed in
triplicate. Graded numbers of stimulator cells were added to
2 ¥ 105 responder cells while control cultures, used to evalu-
ate the background proliferation, contained responder or
stimulator cells only.

After 6 days of culture in 5% CO2 at 37°C the cells were
harvested, counted and diluted to about 1 ¥ 106/ml and fixed
in 70% ethanol. Proliferation was assessed by flow cytometry
for the S phase of the cell cycle measure using DNA staining
with PI (5 mg/ml). Data acquisition and analysis were per-
formed on a Epics-XL (Beckman Coulter) using MultiCycle
software.
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Statistical analysis

Data were expressed as mean � standard deviation (s.d.).
Comparisons were performed by Student’s t-test. A P-value
< 0·05 was considered statistically significant.

Results

PUVA treatment and plastic adherence did not induce
monocyte to DC differentiation

It has been reported that photopheresis might contribute to
monocyte-to-DCs differentiation and its efficacy may be
improved by incubating treated cells overnight before rein-
fusion [11–13]. Because we have reported that PUVA-treated
monocytes undergo apoptosis [25], we sought to determine
whether the presence of 10% PUVA-treated monocytes in
co-cultures and plastic adherence were able to induce DC
differentiation. Cells were co-cultured for 6 days in the
absence of IL-4 and GM-CSF. Cells retrieved from this
culture system displayed a monocyte/macrophage morphol-
ogy (data not shown) and retained high CD14 expression
(Fig. 1). This indicates that neither plastic adherence nor
incubation with PUVA cells can induce monocyte-to-DC
differentiation in our system.

Cytokines are requisite to induce DC differentiation
from monocytes

Analysis of cultured cell morphology

Following culture with GM-CSF and IL-4, purified CD14+

cells in both control and PUVA-mixed cultures differentiated
into non-adherent, floating and clustering cells.

In three experiments we investigated the morphological
profile of cells harvested on day 3 of culture. Cells derived
from PUVA-mixed cultures were larger in size, with more
cytoplasm displaying weak basophilia, than control cells
(Fig. 2a,b).

On day 7, after LPS addition, more than 80% of cells
displayed features of mature myeloid DCs, including a
homogeneous smooth intensely stained cytoplasm, irregular
membrane ruffling, dendrites and a laterally positioned
nucleus. Cells derived from PUVA-mixed cultures showed
dendritic morphology but were larger, giant-sized cells in
comparison to control DCs (Fig. 2c,d).

Immunophenotype of cultured cells

In two experiments we examined the effect of 10% PUVA-
treated monocytes on the immunophenotype during the
pre-DC stage of development in IL-4/G-CSF cultured
monocytes. At an early time-point (day 3) of culture with
IL-4 and GM-CSF, PUVA-mixed derived cells showed lower
CD1a expression when compared to control cells (range of
reduction: 21–23%). No differences in CD14 and CD40
expression were observed between PUVA-mixed and control
cells. Pre-DCs have a low expression of CD80 and no CD83,
therefore no significant differences in the expression of these
markers could be detected at this early time-point. However,
cells derived from PUVA-mixed cultures showed a higher
HLA-DR expression than control cells (range of increase
8–10%) (data not shown).

As expected, monocytes cultured for 6 days in IL-4 and
GM-CSF developed into DCs characterized by the acquisition
of CD1a (84% � 10·6%) and the loss of CD14 (2·7% �

1·4%) antigens at the cell surface. They expressed the pattern
of molecules characteristic of immature DCs: low levels of
co-stimulatory molecules (CD40 and CD80), low expression
MHC class II molecules (25·6% � 5%, MFI: 345·4 � 57·1)
and negativity of the maturation-specific marker CD83
(10·6% � 2·1%). These antigens were up-regulated when
DCs matured in response to LPS (Table 1).

Incubation with 10% PUVA-treated monocytes did not
substantially alter MFI and percentage values of CD1a and
CD14 (81·2% � 3% and 3·8% � 2·9%, respectively), CD40,
CD80 antigens, except HLA-DR (Table 1). Indeed, immature
DCs derived from PUVA-mixed cultures expressed signifi-
cantly higher levels of HLA-DR (MFI � s.d.: 380·8 � 44·9)
than control DCs (P < 0·01). They preserved the capacity
to be activated by LPS, as shown by the increase in the

(a)

FL1 LOG

(b)

Fig. 1. Photoactivable agent 8-methoxypsoralen (8-MOP) and

ultraviolet (UV) A (UVA) light (PUVA) treatment and plastic

adherence did not induce monocyte differentiation towards dendritic

cells (DCs). Photoactivable agent 8-methoxypsolaren (8-MOP) and

ultraviolet (UV) A (PUVA)-exposed CD14+ cells were cultured with

IL-4 and GM-CSF or without cytokines. After 6 days of culture, cells

were stained with fluorescein isothiocyanate (FITC)–CD14 and

analysed by flow cytometry. Plot of CD14 expression in cells

generated by culturing PUVA-treated monocytes with (a) or without

(b) GM-CSF/IL-4. Cells lose CD14 when cultured with IL-4 and

GM-CSF (a) but they remained CD14+ in the absence of cytokines

(b). Data from one representative experiment are provided.
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expression of HLA-DR, co-stimulatory (CD80, CD40) and
CD83 molecules compared to control DCs (Table 1).

The presence of 10% PUVA-treated monocytes during DC
differentiation from purified CD14+ cells did not influence
cell viability, as indicated by trypan blue exclusion and
annexin-V values on flow cytometry (data not shown).

Effects of PUVA treatment on antigen capture activity

As endocytic activity is regarded as a property of myeloid DCs
at immature states, the decrease in antigen uptake has been
used to monitor DC maturation. We analysed the phagocytic

activity of immature DCs by means of fluorescein-conjugated
dextran uptake. PUVA-treated DCs showed a vigorous
endocytosis of FITC–dextran, higher than control DCs
(DMFI, 40·8 � 28 and 22·6 � 10, mean � s.d. of PUVA-
treated and control DCs, respectively, P < 0·05) (Fig. 3).

Effect of PUVA treatment on allostimulatory capacity of
DCs

The ability of DCs to stimulate T cells is a function that
increases with their maturation and may be observed in
allo-mixed lymphocyte reactions (MLR). We compared the

Table 1. Phenotype of immature dendritic cells (DCs) and lipopolysaccharide (LPS)-activated DCs. DCs were exposed to photoactivable agent

8-methoxypsolaren (8-MOP) and ultraviolet (UV) A (PUVA) treatment as described in Materials and methods. Immature DCs were activated to mature

DCs with addition of 10 ng/ml LPS on day 6. Results are presented as mean of mean fluorescence intensity/or percentage � s.d. of seven independent

experiments.

CD1a CD14 CD40 CD80 CD83 HLA-DR

Immature DCs

Control 84 � 10·6% 2·7 � 1·4% 10·6 � 2·1% 345·4 � 57·1

PUVA treatment 81·2 � 3% 3·8 � 2·9% 9·9 � 1·9% 380·8 � 45*

Mature DCs

Control 816·7 � 52 474·7 � 38·6 429·3 � 44 476·5 � 36·8

PUVA treatment 807 � 55 485·8 � 35·3 421·1 � 41·4 526·2 � 17·1

*Statistical significance (P < 0·01) compared to untreated control DCs. HLA-DR: human leucocyte antigen D-related.

(a) (b)

(c) (d)

Fig. 2. The morphology of monocyte-derived dendritic cells (DCs). (a,b) Morphological profile of cells harvested during the pre-DC stage of

development. Each DC preparation was examined by light microscopy (May–Grunwald–Giemsa staining). At early time-point (day 3) of culture

with interleukin (IL)-4 and granulocyte–macrophage colony-stimulating factor (GM-CSF) (as described in Material and methods), cells derived

from photoactivable agent 8-methoxypsolaren (8-MOP) and ultraviolet (UV) A (PUVA)-treated cultures (a) were larger in size with more

cytoplasm, displaying weak basophilia, than control DCs (b). (c,d) DCs were differentiated from CD14+ cells (control Mo-DCs) cultured for 7 days

with GM-CSF and IL-4. Cultures received 10 ng/ml of lipopolysaccharide (LPS) to stimulate DC maturation during the last 24 h. Cells derived from

both cultures of PUVA-treated (c) and untreated monocytes (d) showed typical shapes of mature DCs such as cytoplasmic dendritic projections in

both samples: the first were larger, giant-sized cells (c) in contrast to control DCs (d).
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ability of mature PUVA-treated DCs to induce allogeneic T
cell proliferation to that of mature untreated DCs in a MLR
test. As shown in Fig. 4, both treated and untreated DCs were
effective stimulators compared with control cultures of
unstimulated responder T cells (P < 0·05). The activity of
control DC stimulator cells in each of three independent
experiments was slightly higher than that of PUVA-treated
DCs derived from the same donors (S phase: 15·2% � 1·05%
versus 11·5% � 0·9% in control and PUVA cultures, respec-
tively; P = 0·05).

With both stimulators the maximal response was
observed at a higher DC/T ratio (1 : 10).

Discussion

Photopheresis is a cell therapy used in pathological condi-
tions in which immune mechanisms are considered con-
tributory to their pathogenesis [14–16,18,19,26–28]. Despite
the fact that this cell therapy is now used widely, the mecha-
nisms of its action remain characterized inadequately. The

(b) (c)(a)

0
0

20

40

60

C
ou

nt
s

80

100

200 400

Δ = 10·3

600
FL1-H

800 1000 0
0

20

40

60

C
ou

nt
s

80

100

200 400

Δ = 20·7

600
FL1-H

800 1000 0
0

20

40

60

C
ou

nt
s

80

100

200 400 600
FL1-H

800 1000

Fig. 3. Photoactivable agent 8-methoxypsolaren (8-MOP) and ultraviolet (UV) A (PUVA) treatment increases the antigen uptake by dendritic cells

(DCs). Cells were incubated for 30 min (at 0°C and 37°C) with fluorescein isothiocyanate (FITC)-labelled dextran, washed and analysed by flow

cytometry. Representative analysis of antigen uptake by monocyte-derived (control) DCs (a) and by DCs generated from co-cultures containing

PUVA-treated and untreated monocytes in the ratio 10 : 90 (b). The difference in uptake [difference in mean fluorescence intensity (DMFI)]

between FITC–dextran uptake at 37°C (thick lines) and the control uptake at 0°C (thin lines) on day 6 is shown. Overlay of FITC–dextran uptake

(c). The result is representative of eight independent experiments.
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Fig. 4. The mixed leucocyte reaction (MLR) stimulatory capacity of control dendritic cells (DCs) versus photoactivable agent 8-methoxypsolaren

(8-MOP) and ultraviolet (UV) A radiation (PUVA)-treated DCs. Mature DCs were washed extensively and added in graded doses to allogeneic

responder T cells (2 ¥ 105 cells/well) in 96-well round-bottomed microtest plates. Each group was performed in triplicate. On day 6, cells were fixed

in 70% ethanol, stained with propidium iodide (10 mg/l) and processed in a flow cytometer (Epics-XL, Coulter), followed by estimating the S-phase

distribution of cell cycle. Distribution of S-phase of each group: control DC stimulator cells (a), DC stimulator cells derived from co-cultures of

PUVA-exposed CD14+ cells with untreated monocyte (ratio 10 : 90; see Material and methods) (b) and responder T cells only (c). The percentage of

T cells in S phase is shown. Representative data are shown through one of four independent experiments with different donors.
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enigma of ECP therapy is how the damage to a small pro-
portion of the total circulating leucocytes induces a distant
response in untreated cells; cutaneous and haematological
responses could be induced by monthly exposure of less than
10% of peripheral blood leucocytes to 8-MOP and UVA
[13,29]. Several mechanisms have been proposed to explain
the action of ECP, the most widely explored being the induc-
tion of apoptosis within the lymphocyte population, includ-
ing malignant CTCL cells [22,25–32]. However, the effect of
ECP is probably not based solely on malignant or pathogenic
apoptosis, as only a fraction of these cells are treated. It has
been suggested that monocytes are resistant to apoptotic
effects induced by ECP [29,33,34] and are activated during
leukopheresis. It has been suggested that during the leuka-
pheresis step of the ECP procedure, cell environment
changes (such as transient plastic-surface adherence, tem-
perature in ECP device, reinfusion, cell-to-cell interaction,
etc.) could increase monocyte activation, as demonstrated by
increased cytokine release [IL-1b, IL-6, IL-10 and especially
tumour necrosis factor (TNF)-a] [19,22,35–37], and possi-
bly induce differentiation into dendritic cells [38].

Recent works have been focused on the effects of photo-
pheresis on DC biology, due to their crucial role in initiating
specific immune responses [8,11–13,17,18,22,39,40].

It has been suggested that ECP-induced monocyte-to-DC
differentiation produces cells with the capacity to stimulate
an anti-tumour T cell response (as in CTCL), yet leads to
down-regulation of the activity of the T cell clones (as in the
treatment of organ transplant rejection, GVHD and auto-
immune diseases). The immunomodulatory effects of ECP
have been explored more extensively in the context of CTCL.
Berger et al. [12] demonstrated that ECP-induced DCs can
phagocytose apoptotic T cells actively and present tumour
antigen loaded onto MHC class I molecules capable of
stimulating a potent anti-tumour cytolitic CD8+ T cell
response.

The immunological mechanisms of ECP in GVHD and
in autoimmune diseases are still debated. In addition to
lymphocyte apoptosis and DC induction, the clinical
response to ECP in patients with chronic GVHD has been
associated with an increase in natural killer cells, induction
of the regulatory T cell subset and a change in the cytokine
profile [8,22,39–42]. Furthermore, Plumas et al. [13] have
discussed these experimental results, suggesting that addi-
tional studies must be carried out in order to know
whether DCs could be involved in the control of GVHD
after ECP.

The seemingly opposite effects of ECP (stimulatory and
tolerogenic) have not been explained fully. It is known that
DC functional properties depend on different elements
such as maturational state, stimulating modalities (co-
stimulatory molecules, cytokine environment) and therapy
used in the different clinical conditions. All these factors
must be taken into account when considering the type of
immune response to ECP in any single disease and to explain

the possible switching between tolerance and immunity. The
fact that different clinical response times of ECP treatment
resulting in CTCL after 2–3 months and in allograft rejection
after only a few days [21] suggests that multiple mechanisms
of action may be applicable.

In contrast to literature reports, in our culture system
monocytes were sensitive to PUVA apoptotic effects. Thus,
we were unable to examine the in vitro effects of 8-MOP and
UVA light treatment directly on monocyte-to-DC differen-
tiation [25].

Taking account of the fact that the total number of circu-
lating leucocytes treated ex vivo per cycle of ECP has been
estimated as between 5% and 10%, we designed a culture
system in which 10% of PUVA-treated monocytes were
co-cultured with untreated monocytes.

As reported previously, ECP might promote differentia-
tion of monocytes into immature DCs [11–13]. We used
the above-described experimental design to investigate
whether 8-MOP and UVA light exposure, in the absence of
differentiating cytokines, might induce monocyte-to-DC
differentiation. We have demonstrated that the presence of
10% apoptotic cells and the monocyte activation by plastic
adherence were not sufficient to induce monocyte differen-
tiation to DCs.

To investigate whether IL-4 and GM-CSF were a requisite
for DC generation, we added these cytokines to our
experimental system. Under these conditions, we showed
that PUVA treatment did not influence monocyte-to-DC
differentiation. Interestingly, immature DCs generated in the
presence of 10% PUVA-treated cells were characterized by a
significantly higher phagocytic activity with respect to
untreated DCs. This finding is consistent with the recent data
from Spisek et al. [8], showing the presence of an immature
state of DCs after ECP.

Immature PUVA-treated DCs also displayed a higher
expression of MHC class II molecules. Despite the increase
in endocytic activity DCs retained their capacity to maturate
following LPS stimulation, as shown by the increase in
co-stimulatory molecules and CD83 expression. However,
mature PUVA-treated DCs showed a lower ability to induce
T cell proliferation with respect to control DCs. As reported
by Piemonti et al., the higher MHC expression on mem-
brane before maturation may result in a lower disposability
of MHC molecules and a lower capacity to process and form
peptide–MHC complexes in the intracellular space [43]. An
increase in antigen uptake activity may result in higher
antigen presentation if DCs process antigen effectively and
present peptide in the context of MHC molecules [43]. The
simultaneous increase in antigen uptake activity and MHC
molecules expression in our system may induce a reduction
in the capacity to induce T cell proliferation.

In summary, we have found that while PUVA treatment
kills even APCs, the presence of 10% PUVA-treated cells does
not inhibit DC generation from monocytes but does induce
DCs with a tolerogenic phenotype and function.
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Our report, designed in the absence of any concomitant
therapy, contributes to greater knowledge of the mode of
action of 8-MOP and UVA light on dendritic cell biology.
This mechanism can be useful for the generation of imma-
ture tolerogenic DCs in vitro. Further studies are needed to
elucidate the role of 8-MOP and UVA light on DCs in the
context of an assay performed in the presence of immuno-
suppressive agents in order to dissect the effects of ECP from
those of immunosuppressive drugs.

Our work might also provide a rational basis for the
selection of UVA light-based therapies in different clinical
settings.
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